Peninsula La Esperanza is part of the San Juan Bay Estuary and located in the north coast of Puerto Rico. Mangroves are the predominant type of vegetation; that can exhibit diverse external and internal mechanisms allowing them to tolerate and to act as phytoremediators of heavy metals (HM) in surrounding soils. This study was focused in three mangrove species that can be found in La Esperanza: Rhizophora mangle (RM), Laguncularia racemosa (LR) and Avicennia germinans (AG). Arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), lead (Pb), and zinc (Zn) were selected to be identified, measure concentrations in sediments, in green (GL) and senescent (SL) leaves, and study phytoremediation potential as a mitigation alternative calculating bioconcentration afctors (BCFs) and retranslocation percents (RT%). For this, Peninsula La Esperanza was divided in three main research sites. Our results show a significant difference among all heavy metals and their distribution in each site. Moreover, the mangrove species, A. germinans, showed lower RT% for Hg in all three sites, which could be considered the best species for phytoextraction of this heavy metal. The results suggest that the three species have a synergistic effect in the way they manage the heavy metal in surrounding polluted soils, although each species have a different capacity to manage each heavy metal.
Peninsula La Esperanza is located in the North region of the main island of Puerto Rico (coordinates 18°27'06.28" N, 66°08'07.09" W) ( Figure 1 ) [1] . It is part of the Las Cucharillas Marsh Natural Reserve (CMNR) and the San Juan Bay Estuary Watershed (SJBE) (Figure 2 ). The SJBE is considered a unique tropical estuary for the National Estuary Program of the US Environmental Protection Agency (USEPA). Since 1979, the Puerto Rico Department of Natural and Environmental Resources (DNER), designated Las Cucharillas marsh as a wildlife reserve, however, in 2008 was changed to Natural Reserve. The complete marsh has about 1,236 acres (500 hectares) that serve as permanent habitat for many species of marine birds, Figure 1 . Protected natural areas of Puerto Rico [1] and a transitory habitat for migratory birds; including 7 species that are considered endangered or vulnerable like the Fulica caribaea (Caribbean coot) and the Charadrius melodus (Piping plover) [2] . Other species use the marsh as feeding sites during the night, giving an example of connectivity with other inland ecosystems, such is the case of the Noctilio leporinus (or fishing bat) [3] . Peninsula La Esperanza serves as host of two small fishing communities and is part of the main entrance for many tourist and cargo ships. As it is the case of many others estuaries around the world, the CMNR has been severely impacted by human actions through the years. It has been used and changed in many forms: as a clandestine dumpsite; the pattern of one of its main affluent rivers (Bayamon River) was changed, and surrounded by oil refineries and other industries. All of these events have significantly reduced the wetland area, leaving just a small amount of natural areas in the middle of the urban sprawl. The peculiar form of the area is a result of different events of dredge and fill that created a peninsular type of pattern ( Figure 3) .
The border of the Península La Esperanza has a predominant vegetation of three species of mangroves: Rhyzhophora mangle (red mangrove), Laguncularia racemosa (white mangrove) and Avicennia germinans (black mangrove). In tropical regions, mangroves are one of the main protectors of the coastal fringe, they prevent coastal erosion, act as buffer of protection against hurricanes, and wave energy impacts [4] . This ecosystem can also provide many services to local communities; including sources of food, raw materials, medicinal resources, flood and climate regulation, tourism and recreation, education, among others [5] . Also, for the field of bioremediation, mangroves can be used as phytoremediators. Phytoremediation is the ability of a plant such as mangroves to absorb several pollutants, like heavy metals (HM), from surrounding sediments and also to serve as bioindicators for HM pollution [17, 18, 19] . This technique seems to be a cost effective way to restrain heavy metals within an area. Several aquatic plants have been studied for their capacity to accumulate heavy metals in different parts of their organism (shoot, stem, roots, and leaves) [12, 13] . However, is when bioaccumulation on the leaves occur [20] that there could be a higher chance of transporting heavy metals to the surrounding environment.
Plants used several mechanisms to restrain pollutants such as HM in their parts; in this study we assess retranslocation and bioconcentration mechanisms. Translocation is the ability of the plant to move nutrients from one part of the plant to another, usually measures the movement of ions from root to the leaves. This concept can be applied to heavy metals, since they can bound to sediments [15] , be absorbed by the roots and cause changes in the plant structure [22, 23] . Retranslocation measures how much the tree is reusing, when the root concentrations are not available [24] . Therefore, we adapt the formula used to measure Phosphorus, Potassium and Nitrogen known as the Nutrient Reabsorption Efficiency and we used it to measure heavy metal retranslocation percent (RT %) using the heavy metal concentrations found in senescent and green leaves of the three mangrove species. In the other hand, Bioconcentration is a process where the chemical concentration in an organism achieves or exceeds the levels found in their surrounding medium [8] . To measure bioconcentration of HM on mangroves leaves we used the bioconcentration factor (BCF). The BCF is defined as the concentration ratio of HM in an organism tissue divided by the HM concentration in an environmental matrix (water, soil or sediment) [14] .
Previous research efforts have demonstrated significant concentrations of heavy metals on the marsh [9] . Our study will assess the concentrations of eight heavy metals (lead (Pb), mercury (Hg), cadmium (Cd), arsenic (As), selenium (Se), copper (Cu), chromium (Cr), zinc (Zn) from Peninsula La Esperanza. Soil metal concentration in the natural environment mainly depend on geological and mineralogical characteristics of the parent material, whereas in the urban environment it is also affected by dry and wet deposition of metals emitted by human activities or transported from the surroundings [7] . Copper and Zinc are considered essential mineral elements but could be toxic in high levels [10] ; while Lead, Mercury, Cadmium, Arsenic and Chromium are non-essential/toxic heavy metals [11] . One particular case is Mercury, which can be transformed into Methyl-Mercury, a persistent metabolite of highest concerns for public health, due to their bioavailability for organisms to uptake with more chances to enter in the trophic chain [21] .
The main purpose of this study was to assess the levels of Pb, Hg, Cd, As, Se, Cu, Cr, Zn in the mangrove sediments and mangrove leaves to compare the phytoremediation potential of each species by measuring BCF and RT percents in R. mangle, A. germinans, and L. racemosa.
For our study we have divided La Esperanza in three study sites ( Figure 4 ). The site A is located in an urbanized area and closer to La Malaria Creek, site B is located within a recreational park, and site C know as Esperanza Isle, where the main population of mangroves is located. Because of logistics reasons we started the sampling in site C because it was more distant and more challenging to sample, since it is only accessible by boat; following with site B, and finally site A. Figure 4 shows a distribution of all sediment samples collected using Garmin 72 H. These were only taken where mangrove vegetation was present. Site C has an abundant population of Australian pine (C. equisetifolia) on the east side of the isle, there were no samples collected in that part.
Sediment samples
Sediment samples were taken using a T shape stainless steel tool. This tool collects sediments from the first 15 centimeters of the soil. The first 5 inches were discarded to avoid contamination of the sample with detritus material. The samples were stored in sterilized glass containers and maintained in a cooler until they were taken to an EPA licensed laboratory in Puerto Rico. A total of 40 samples were collected along the Peninsula. Taking in consideration the size of each of the three areas of study, we collected 8 samples in site A, 8 samples in site B, and 24 samples in site C. The method used by the laboratory for the analysis of the sediments was the EPA 6010C for all the heavy metals, except for Mercury which requires the process EPA 7471B (Cold-vapor atomic absorption). Both methods used the ICP (inductively coupled plasmaatomic emission spectrometry) technology.
Leaves samples Green (GL) and senescent leaves (SL) were collected randomly ( Figure 5 ) from young and mature mangrove trees of each one of the three mangrove species of interest. The leaves were identified and stored, until they were taken to an EPA certified laboratory. A total of 42 samples (21 green leaves samples and 21 senescent leaves samples) were collected along the Peninsula's coastline.
Empirical equations
Two empirical equation were used to analyzed the data. The RT% was used to measure the HM absorption percent between senescent leaves and green leaves. The BCF's measured the HM concentration from soil into leave tissue and their bioconcentration ratio [12, 13] .
Statistical analysis
The One Way Anova statistical analysis was performed using the MiniTab-14 program.
Our sediment sample analysis showed ( Figure 6 ) that Zn, Hg, Pb, Cu, Cr, Cd were more abundant in site A than in the other two sites at La Esperanza. Arsenic was the only one found in higher concentrations for the site C. When taking in consideration the mean concentrations of each heavy metal in all sites, the amounts from high to low showed a pattern of: Zn > Cu > Cr > Pb > As > Cd > Hg. Selenium was not detected in any of our samples, therefore is not included for analysis. Mercury was found at low concentrations compared to the other metals tested, but in higher concentrations for site A, which could be strongly linked to anthropogenic factors, and to the factor of water currents.
The anthropogenic factors that can be linked to the higher concentration of Mercury for site A, could be due to La Malaria creek upstream sources such as combustion and industrial discharges from thermoelectrical refineries and several industrial nearby.
At the present, Puerto Rico lacks of baseline for most kind of its soils. Our research is exploratory in these soils. Due to similarities in origin and sand composition to Florida soils and the scarcity of trace metal baseline for the island, we adopted as reference for our study the baseline of trace metal for Florida [25] . Results for sediment samples demonstrated that when comparing the distribution of each metal among the three sites, all the p values were ≤ 0.05. We obtained, for As a p value of ≤ 0.045, for Cd a p value ≤ 0.021, and for all other metals p values of ≤ 0.000.
This shows that the distribution of each heavy metal among the three sites is significantly different from each other. When the distribution of all metals within a sampling site was compared, we obtained p values of ≤ 0.000. Some possible factors for this could be: rates of deposition of the heavy metal ions in sedi- ments, distribution of vegetation in La Esperanza, the rate of bio-absorption of ions, bio-availability of ions in sediments, among other factors. Site A has a Hg mean concentration of 0.040 which is at the level of the maximum concentration found for FL (0.0396 ppm) for that metal. In this same site Zn has concentrations of 31 ppm, while the maximum for the FL study [25] was 29.6 ppm. Pb is other heavy metal of concern for public health and shows higher values in soils near the urbanized sites A and B ( Figure 6 ). Results obtained from the Green (GL) and Senescent Leaves (SL) were used to calculate Bioconcentration Factors (BCF's) can give some information of presence of heavy metals that Rhyzhophora, Laguncularia and Avicennia might be uptaking from soils and transporting through their systems, until it reaches the leaves. For Site A ( Figure 7) : As, Cr, Cu, Pb, and Zn were 0.2 or below; Hg values were 0.8 and below; Cd were 1.8 or below. For Site B ( Figure 8 ): As, Cr, Cu, Pb, and Zn were below 1.0; Hg were below 3.0; and Cd were below 7.0. For Site C ( Figure 9 ): As, Cr, Cu, Pb, Hg, and Zn were below 5.0; and Cd were below 30.
A comprehensive study made on the San Juan Bay Estuary (SJBE) analyzed 13 trace metals, organic chlorine pesticides and PAH's in bottom sediments and biotic-tissues at 19 points in the estuary. The results were compared with threshold effects level (TEL) and probable effects level (PEL) for each metal. The results indicated that the western portion of the Estuary (Peninsula La Esperanza) had the highest concentrations (ppm) of Cu (53.9, 47.9, 39.8) As (23.5, 15.0, 17.7) Zn (40.2, 81.3, 87.6) and Hg (0.22, 0.21, 0.36) in sediments. The concentrations of As, Cu, Se, Zn and Hg were detected in most fish and crab's tissues samples. As concentrations exceeded EPA 10-5 cancer risk threshold in the 19 points at the estuary [16] . This research concluded that the study of mangroves in the Estuary offer an excellent opportunity to assess the phytoremediation role on trace metals by this kind of forests. Based on this comment, we conducted our mangrove phytoremediation preliminary assesment at La Esperanza Peninsula, SJBE. Since the BCF is a measure of the amount of metal in leaves compared to the amount in the sediment; results in Figures 7, 8 and 9 showed that Bioconcentration is more for the three species if there is less amount of pollutants in sediments. Since we are only measuring the amount in the leaves we cannot be certain about the amounts of metal that could be deposited near the roots outside the plant (root-sediment interface) or inside the roots of each tree, and what other mechanisms could be playing a role in these aspects.
Same pattern is shown with the three species with Hg. Hg is a metal very easily bio-available for biota but apparently highly intolerable. If we consider Figures 7,  8 and 9 , and compare the values for senescent or yellow leaves with the green leaves for Hg and Pb, results showed that A. germinans has higher BCFs in senescent leaves. A. germinans appears to be the best phytoextractor for Pb and Hg under these soil conditions. In the One Way Anova analysis for the BCFs, the three different sampling sites where compared with each metal and each mangrove species and there was not significant difference found for this comparison.
RT% are measured as a unit to confirm the results obtained from BCF's values and can give us a broader scope on how the mangroves are behaving in each one of the sites sampled. A positive RT percent represent that the tree could be moving the ions through the plant, while a more negative RT percent value could be interpreted as the plant excreting those ions through the senescent leaves. For Site A (Figure 10 ) RT % showed positive values in R. mangle for Cu, and A. germinans and L. racemosa for Zn. Negative values were observed for A. germinans for Cu and Hg. For the Site B; R. mangle and L. racemosa showed positive values for As, Cd, Cr, and Pb. Negative values were observed in A. germinans for As, Pb, and Hg; L. racemosa showed negative values for Hg and Zn , and R. mangle for Zn. For the Site C; results showed positive values for R. mangle for As, Cd, Cu, Pb; for L. racemosa for metals Cu and Pb, and for A. germinans for Cd, Cu, and Zn. Negative values were found for L. racemosa for As and Zn, and for A. germinans for As and Hg.
In La Esperanza, A. germinans showed negative RT values ( Figure 10 ) for all sites sampled for Hg compared to the other two species. Most of the movement of ions seems to occur for Cu and Zn, which can be linked to what the plant use for enzymatic processes, but there are differences in RT % since the available ions are very different for the three sites. In the One Way Anova for RT values, when comparing all species and all metals in the three sites, the p value obtained was 0, which can be interpreted as a synergistic effect of all species managing all the heavy metals assessed.
R. mangle (red mangrove) -is a salt excluding [26] and ion exclusion species [27] . Through the mecha- nisms of iron plaques [22, 28] the plant can avoid the entrance of trace metals in the roots. It accumulates the heavy metals in the sediment-root interface or in the root tissue. Considering the decomposition of R. mangle leaves, Silva et al. [29] determined that the accumulation of trace metals in the first days was low, and due to the residence time of leaves on sediments of 10 days, they suggested that the metal export from the forest was relatively low. They obtained similar results when analyzed the concentration of Fe, Zn, and Pb in decomposing leaves in Natal, Brazil. On the other hand, Wen-Jiao, Xiao-Yong, and Peng [30] in a forest of Rhyzophora stylosa in China, concluded that the concentration of heavy metals in residues from floor could be 2-30 times higher than in plant and litterfall, and some metals have low availability in soils due to precipitation in a complex formed with sulfide. Sthevan, Krishnan, and Patterson [31] suggested that soils of R. mangle and A. germinans have many binding sites that are important for the absorption of metals. They concluded that when the plants absorbed and accumulated heavy metals, the conductive tissues become reduced and decreased the water transportation and growth. Jingchun et al. [32] analyzed the soils of Rhizophora stylosa and concluded that the mobility of Fe, Cu, Cd, and Pb in sediments depend on the chemical form oxidized, binding sites (organic matter, carbonate) sulfide, and the exchangeable sites (weakbound). In sediments of Rhizophora apiculata and Avicennia marina, Kammaruzzaman et al. [33] studied the bioaccumulation of Pb and Cu in both species. The concentration factor showed that the heavy metals concentration in root was higher in Avicennia than Rhizophora. It seems that Rhizophora is a genus that is an ion excluding species with an advanced iron plaques mechanism. L. racemosa (white mangrove)-is considered as a salt excluding species by Lugo [34] and a shade intolerant species by Foroughbakhch et al. [35] . Lacerda et al. [27] suggested that BCF varies under different saline conditions and it is indication of adaptation. Da Souza et al. [36] evaluated the uptake and the translocation of metals in roots and leaves, and the changes in the anatomy of roots of Laguncularia in two estuaries with different grade of pollution. They concluded that L. racemosa is a reliable species for monitoring of estuaries impacted by human pollution using the changes in root anatomy.
A. germinans (black mangrove) -is a salt and ion excreting species. It develops in soils with low sulfide, high organic matter and high oxidizing conditions; Lacerda et al. [27] studied the mineral concentration in leaves of A. germinans. They concluded that Cu is bound to organic matter and for this reason it has low availability, the Zn is biologically controlled, and Pb is absorbed by leaves from atmospheric deposition. MacFarlane et al. [16] determined BCF in leaves of A. germinans, they concluded that mangrove forest is an efficient biochemical barrier to the movement of heavy metals to marine environment. Mellem et al. [13] studied the Translocation Factor (TF) and BCF in Amaranthus dubins, and concluded that in general the heavy metals are transported from soil and accumulated in roots. Similar results were obtained [12] with water Hyacinth plants, where the concentrations of Cu, Ni, Zn were 6-20 times higher in roots than shoots. Mac-Farlane et al. [16] determined that Cu, Zn, Pb were accumulated in root while Cu and Zn showed limited mobility to leaves. The study suggested that increase in enzyme activity and decrease in the photo pigments could be used as sensitive biomarkers of metal stress in A. marina.
Other have analyzed [37] six heavy metals in mangrove sediments of the Red Sea. The BCF indicated that A. marina is an efficient plant for bioaccumulation of Cu and Cr in the above ground parts. Kumar et al. [38] analyzed the accumulation of Pb, Zn, and Cd by A. marina. The order was root > stem>leaf. They considered that A. marina is a phytoremediation species for heavy metals. Naidoo et al. [39] assessed the ecophysiological responses of Av. marina to heavy metal contamination. The results showed that salt glands contribute to the elimination of trace metals if they were taken up in excess. Cu and Zn were excreted by glands. The petroleum in soils and its bioaccumulation in A. marina were analyzed by Lotfinasabasl and Gunale [18] . The BCF and TF proved the potential of using this species for phytoremediation to prevent and clean up the petroleum pollution in coast. Lotfinasabasl and Gunale [18] studied six heavy metals in leaves, roots and seedlings of A. marina. The BCF's proved the phytoremediation potential for Fe, Cu, Co, Cd, Cr, and Ni in areas polluted with industrial and agricultural runoff. The bioaccumulation of Pb and Cu was studied in A. marina and R. apiculata by Kamaruzzamann et al. [33] . The concentrations were higher in A. marina in root than bark and leaf. The Concentration Factor showed that accumulation of Pb, Cu was higher in A. marina than R. apiculata
In conclusion, our research in La Esperanza suggests that the three mangrove species (A. germinans, R. mangle, and L. racemosa) have a synergistic effect to the bioremediation of heavy metals in the three sites analyzed (A, B, C). The results suggest that A. germinans has higher phytoremediation conditions than R. mangle and L. racemosa. In the near future, studies related with our research such as the heavy metal concentration in root and stem must be made. The chemical mechanisms involved in uptake and exclusion of metals by mangrove species are encouraged to be pursue.
